component that interacts with ␥-tubulin ring complexes to regulate microtubule nucleation (19, 20) , and it contains the SXIP motif for EB1 binding to track-growing microtubule plus ends and regulated microtubule dynamics (7) . In this report we further analyze the plus-end-tracking mechanism of CDK5RAP2 and demonstrate that a dimerization domain is required in addition to the SXIP motif to form a highly active plus-endtracking module. Remarkably, the plus-end-tracking activity of EB1 is differentially regulated by the monomeric and dimeric/ multimeric forms of its bound SXIP motif. We also show that disruption of the dimerization/multimerization serves as a specific approach to interfere with the plus-end tracking of individual SXIP-containing ϩTIPs, such as CDK5RAP2, without affecting the plus-end tracking of other SXIP-containing ϩTIPs.
Results

Dissecting the plus-end-tracking module of CDK5RAP2
The CDK5RAP2 fragment 926 -1208 (referred to hereafter as M1) contains the SXIP motif spanning the region of 926 -956 and binds to EB1 (7) . Time-lapse microscopy showed a robust microtubule plus-end tracking of M1 (supplemental Movie S1), in agreement with its staining to the distal tips of microtubules (7) . To further dissect this plus-end-tracking module, we generated two truncation constructs, 926 -1015 and 956 -1208, and designated them as M2 and M3, respectively (Fig. 1A) . Of them, M2 contains the SXIP motif, and it showed similar EB1-binding activities as M1 in a co-immunoprecipitation assay (Fig. 1A) . In contrast, M3, which lacks the SXIP motif, failed to bind to EB1 (Fig. 1A) . Therefore, M2 is sufficient for EB1 association. We proceeded to examine the microtubule tip-tracking activities by immunofluorescence and time-lapse imaging, and cells transfected with the CDK5RAP2 fragments at low levels were analyzed. M1 exhibited a robust activity of tracking microtubule plus ends ( Fig. 1A and supplemental Movie S1). M2 tracked the plus ends, albeit very weakly and with a substantially lower activity than M1 (ϳ83% lower than M1; Fig. 1B and supplemental Movie S2). In agreement with the lack of EB1-binding activities, M3 did not exhibit any tip-tracking activity ( Fig. 1B and supplemental Movie S3).
The above observations revealed that the carboxyl-terminal truncation in M1 significantly reduces its plus-end-tracking activity, although the truncation does not affect its EB1-binding activity. We set out to investigate the role of the truncated region in microtubule plus-end-tracking function. Immunoprecipitation of ectopically expressed M1 is able to co-immunoprecipitate endogenous CDK5RAP2. This observation prompted us to investigate whether M1 contains a dimerization domain. To test this, we co-expressed two M1 constructs, one tagged with FLAG and the other with GFP. Immunoprecipitation of FLAG-M1 through the ectopic tag showed the co-precipitation of GFP-M1 (Fig. 1C) . When GFP-M1 was cotransfected with M2 and M3, GFP-M1 was found in the anti-FLAG immunoprecipitate of M3 but not in that of M2 (Fig. 1C) . Direct interaction was then tested using purified recombinant proteins. In the assay, GST-M1 interacted with His 6 -M1 and His 6 -M3 but not with His 6 -M2 (Fig. 1D) , consistent with the co-immunoprecipitation results. As a control, GST did not bind to any of these CDK5RAP2 fragments (Fig. 1D) . These results demonstrated that M1 forms a homodimer or homomultimers through the M3 region.
Effect of M1 and its fragments on the plus-end tracking of EB1
Because M1 and M2 exhibited dramatically different plusend-tracking activities, we explored their potential impacts on the plus-end-tracking behavior of EB1. In transfected cells, M1 displayed an almost identical pattern as EB1 (Fig. 2A) . Furthermore, expression of M1 led to a remarkable increase of EB1 signals at the plus ends; the signal intensity and the comet tail length of EB1 were increased by ϳ96 and ϳ91%, respectively ( Fig. 2A) . In contrast, when M2 was expressed the comet-tail signals of EB1 were significantly hampered (ϳ74% reduction of the signal intensity; Fig. 2A ). Similar effects were observed when the CDK5RAP2 fragments were expressed in cells in which the expression of endogenous CDK5RAP2 was suppressed by RNAi ( Fig. 2A) . When the EB1-binding-deficient mutants of M1 and M2 (i.e. L938A/P939A) were tested, they did not show these effects (data not shown). Therefore, these SXIP-containing constructs can make notable impacts on the plus-end tracking of their bound EB1. Any significant change in plus-end-associated EB1 signals was not observed by M3 expression (Fig. 2A) .
The plus-end association of EB1 and its homologs is highly dynamic, and the dynamic behaviors depend at least on EB diffusion and interaction with other proteins (21, 22) . To evaluate the plus-end dynamics of EB1 in complex with CDK5RAP2 fragments, we performed fluorescence recovery after photobleaching (FRAP) analyses. Photobleaching was done at the peripheral regions of U2OS cells that stably expressed EB1-GFP at a low level (7) and were transiently transfected with mCherry constructs as indicated. Whereas the expression of mCherry-M1 reduced the rate of EB1-GFP fluorescence recovery at the microtubule distal tips, the expression of mCherry-M2 increased the recovery rate ( Fig. 2B and supplemental Movie S4). These results revealed the opposite effects of M1 and M2 on EB1 turnover at microtubule plus ends.
To verify the impact of SXIP interaction, we created an EB1 mutant deficient of SXIP-binding activities by substituting Lys-220 and Arg-222, the conserved residues involved in interaction with the SXIP motif (6, 12, 23) . Notably, the K220A and R222A mutations do not affect the homodimerization of EB1 (6) . The double mutation K220A/R222A abolished the interaction of EB1 with M1 (Fig. 3A) . This mutational effect on SXIP interaction was verified by a binding test using the SXIP sequence from APC, and this APC sequence is 2780 -2843 and designated as APC(C) (Fig. 3A) .
Subsequently, we measured the plus-end-tracking activity of EB1 and its K220A/R222A mutant. To avoid dimerization of the expressed EB1 proteins with endogenous EB1 and EB3 (6, 24) , the expression of both endogenous proteins was silenced by RNAi. Although the mutant could track growing microtubule plus ends, it displayed a significantly lower tracking activity than the wild-type protein; both the signal intensity and the number of EB1 comets were reduced significantly by the mutation (reduction of the comet intensity by ϳ74%; Fig. 3B and supplemental Movie S5). We also performed the FRAP analysis and found that the fluorescence of the K220A/R222A mutant recovered faster than the wild-type EB1 protein at the plus ends ( Fig. 3C and supplemental Movie S6). In the absence of SXIP interaction, EB1 turns over more rapidly at microtubule plus ends and shows a lower plus-end-tracking activity. It should be noted that these EB1 constructs contain GFP at the protein carboxyl terminus, disrupting the carboxyl-terminal EEY/F-COO Ϫ motif and, thus, excluding the binding of the cytoskeleton-associated protein glycine-rich (CAP-Gly) domain (25, 26) .
EB1-SXIP activities toward microtubules
Because M1, M2, and M3 exhibited different effects on the plus-end tracking of EB1, we conducted in vitro microtubule assays of EB1 in combination with these CDK5RAP2 fragments. First, microtubule binding was evaluated in a microtubule cosedimentation assay in which the recombinant proteins were incubated with preassembled microtubules. After sedimentation by centrifugation, the distribution of the recombinant proteins between the supernatant and the microtubule pellet was examined. In the absence of EB1, none of M1 or its fragments binding of CDK5RAP2 fragments were tested by co-immunoprecipitation (IP) from the extracts of HEK293T cells co-expressing the CDK5RAP2 fragments (FLAG tagged) and EB1-GFP. The anti-FLAG immunoprecipitates (30%) and the cell extract inputs (5%) were analyzed by immunoblotting (IB). Shown on the right is a scheme of the CDK5RAP2 fragments. B, GFP-tagged M1, M2, and M3 were transiently expressed in U2OS cells. We analyzed cells expressing the proteins at similar levels and measured the fluorescence intensities at the microtubule distal tips and in the cytoplasm. Boxed areas are enlarged. Bar, 10 m. The tip/cytoplasm intensity ratios of 50 microtubule tips selected from 5 transfected cells are presented as box-and-whisker plots: boxes represent the 25th and 75th percentiles, a line within the boxes depicts the median, and whiskers represent the 10th and 90th percentiles. p values were calculated by the Student's unpaired two tails t test. C, GFP-M1 was cotransfected with FLAG-tagged M1, M2, or M3 into HEK293T cells. After anti-FLAG immunoprecipitation (IP), the immunoprecipitates (30%) and the cell extract inputs (5%) were analyzed on immunoblots (IB). GFP-M1 was co-immunoprecipitated with FLAG-tagged M1 and M3, but not with FLAG-M2. D, an in vitro binding assay was conducted with 0.5 M, each of the purified recombinant proteins His 6 -M1, His 6 -M2, His 6 -M3, GST, and GST-M1. After incubation of the His 6 -tagged proteins with the GST proteins as indicated, the GST proteins were pulled down, and the bound proteins were analyzed on anti-His 6 and anti-GST immunoblots (IB). His 6 -tagged M1 and M3 were specifically found in the GST-M1 pulldowns, whereas His 6 -M2 was not detected.
cosedimented with microtubules (Fig. 4A) . The two complexes EB1-M1 and EB1-M2 exhibited similar and strong microtubule-binding activities, whereas the added EB1 and M3 failed to associate with microtubules (Fig. 4A) . These results revealed that the binding of the SXIP sequence stimulates the microtubule-binding activity of EB1 and that dimerization of the SXIP sequence is not required for this function.
Second, the potential ␣/␤-tubulin-binding activity of EB1 was tested in a GST pulldown assay. M1 and its fragments did not bind to ␣/␤-tubulin heterodimers without EB1 (data not shown). EB1 pulled down ␣/␤-tubulin heterodimers only in the presence of M1 or M2 but not in the presence of M3 or in the absence of these CDK5RAP2 fragments (Fig. 4B ). Under the experimental conditions, only the complexes EB1-M1 and EB1-M2 associated with ␣/␤-tubulin heterodimers but not each single protein. In addition, EB1-M1 and EB1-M2 exhibited similar binding activities toward ␣/␤-tubulin heterodimers (Fig. 4B ), indicating that dimerization of the SXIP sequence is not required for the ␣/␤-tubulin binding of its EB1 complex.
Third, we tested the EB1 activity of promoting microtubule polymerization in a light-scattering assay (27) . EB1 was applied at a low concentration (0.5 M) close to the endogenous concentration determined from Xenopus eggs (0.27 M; Ref. 15 ). At such a low concentration, EB1 free of SXIP partners did not induce microtubule polymerization (Fig. 4C) . Similarly, none of the CDK5RAP2 fragments M1, M2, and M3 alone triggered microtubule polymerization (Fig. 4C) . However, the combination of EB1 and M1 significantly enhanced light scattering, revealing that the EB1-M1 complex had a strong activity of elongating the microtubule seeds (Fig. 4C ). These observations agree with previous findings (7) . Note that the L938A/P939A mutant of M1 does not have this activity (7) . Furthermore, the combination of EB1 and M2 or M3 resulted in minimal increases of light scattering (Fig. 4C) .
To visualize polymerized microtubules by microscopy, the polymerization assays were performed with a mixture of rhodamine-labeled and -unlabeled ␣/␤-tubulin. Remarkably, the combination of EB1 and M1 promoted the polymerization of longer and more microtubules than EB1 alone or the combination of EB1 and M2 (Fig. 4D) . Moreover, the inclusion of both EB1 and M1 induced the formation of microtubule bundles (Fig. 4D ), in agreement with the reported observations (7). By contrast, microtubule bundles were not observed in the assay samples of EB1 alone or EB1 plus M2 (Fig. 4D) . These results revealed that the SXIP dimerization stimulated the microtubule-elongating and bundling activities of the SXIP-EB1 complex.
To gain more insight into the mechanism by which CDK5RAP2 regulates EB1, we tested whether M1 promotes the intermolecular self-association of EB1. In a binding assay, the combination of two differentially tagged (His 6 -GFP or GST) EB1 proteins was incubated with M1-or the EB1-binding-deficient mutant L938A/P939A. After incubation, anti-GFP immunoprecipitation was performed. Whereas the presence of M1 conferred robust co-immunoprecipitation of GST-EB1 with His 6 -GFP-EB1, the inclusion of the L938A/P939A mutant failed to do so (Fig. 4E) . Therefore, the binding of M1 promotes the intermolecular interaction between EB1 proteins.
Plus-end tracking by CDK5RAP2-APC chimeras
To support the notion that highly active plus-end tracking of the SXIP motif requires its dimerization, chimeras were constructed to consist of an SXIP sequence and a dimerization domain derived from different ϩTIPs, CDK5RAP2 and APC. APC contains a dimerization domain and an SXIP motif located at the amino-and carboxyl-terminal regions, respectively (6, 9, 28, 29) . The chimera M3-APC(C) consists of the dimerization domain from CDK5RAP2 (i.e. M3) in fusion with the SXIP sequence from APC (i.e. 2780 -2843 of APC); M2-APC(N) is the chimera of the SXIP sequence from CDK5RAP2 (i.e. M2) and the dimerization domain from APC (i.e. 1-171 of APC). The binding of the chimeras to EB1 was ascertained by their co-immunoprecipitation of EB1; the dimerization domains alone failed to bind to EB1 (Fig. 5A) .
The intermolecular self-association of the chimeras was examined by immunoprecipitation through the ectopic tag of one construct to detect the co-precipitation of another co-expressed construct. M2-APC(N) interacted with the APC(N)-containing construct but did not bind to the others (Fig. 5B) . Similarly, M3-APC(C) interacted only with the M3-containing proteins (Fig. 5B) . Therefore, the chimeras self-associate via their respective dimerization domains. In addition, the selfassociations are specific, as the dimerization domain from CDK5RAP2 did not interact with that of APC (Fig. 5B) .
Next, chimeras and their individual domains were checked if possessing plus-end-tracking activities. APC(C) showed a weak tip-tracking activity, whereas the chimera M3-APC(C) showed an ϳ2.1-fold stronger activity (Fig. 5 , C and E; supplemental Movies S7 and S8). The weak tracking activity observed in APC(C) is consistent with a previous report (4). M2-APC(N) also showed a dynamic comet-like pattern with the signals enriched at the microtubule plus ends, whereas APC(N) displayed a diffuse pattern without any discernible tracking of the plus ends (Fig. 5, D and E; supplemental Movies S9 and S10). Notably, the tip-tracking activity of M2-APC(N) was ϳ3.5-fold stronger than that of M2 (Figs. 1B and 5E ). The addition of a dimerization domain significantly enhanced the tip-tracking activity of the SXIP sequences.
Figure 2. Effects of M1 and its fragments on the plus-end tracking of EB1.
A, GFP and GFP-tagged CDK5RAP2 fragments were transiently expressed in control U2OS cells and in U2OS cells that were depleted of CDK5RAP2 by RNAi. The cells were stained using an anti-EB1 antibody. Boxed areas are enlarged. The fluorescence intensities and the comet lengths of EB1 were measured at the microtubule distal tips and in the cytoplasm. The microtubule tip/cytoplasm ratios are determined from 100 microtubule tips from 10 cells that expressed the CDK5RAP2 fragments at low levels. In the box-and-whisker plots, boxes represent the 25th and 75th percentiles, a line within the boxes depicts the median, and whiskers represent the 10th and 90th percentiles. p values (Student's unpaired two tails t test) reflect the significance of differences between GFP and M1 or its fragments. B, U2OS cells stably expressing EB1-GFP were transiently transfected with the plasmids encoding mCherry, mCherry-M1, and mCherry-M2. FRAP was performed on the cells, and representative images of EB1-GFP are shown with boxed areas enlarged. Arrowheads point to individual EB1 comets. Recovery of EB1 fluorescence at the microtubule plus ends was determined, and fluorescence recovery curves were plotted by fitting the FRAP data into a two-phase association equation, and the k (1/s) and t1 ⁄2 (s) corresponding to the slow phase of fluorescent recovery were determined. Data presented are the mean Ϯ S.D. of 40 EB1 comets selected from 10 cells for each construct. Bars, 10 m.
Inhibitory effect of the dimerization domains
The above results pointed to the idea that disruption of SXIP dimerization interferes with its tracking of microtubule plus ends. To validate this idea, we expressed the dimerization domains M3 and APC(N) and assessed the potential impacts on the tip tracking of the chimeras. The plus-end attachment of M2-APC(N) was reduced significantly (ϳ67% reduction) by APC(N) expression but was unaffected by M3 expression (Fig. 6, A and C) . Similarly, the plus-end accumulation of M3-APC(C) was impaired (ϳ56% reduction) by M3 expression but not by APC(N) expression (Fig. 6, B and C) . These results are consistent with the interaction specificity observed in the dimerization domains (Fig. 5B) , indicating that the dimerization domains interfere specifically with the plus-end tracking of their parent proteins.
Similar experiments were performed to evaluate the effects of M2 and M3 on M1. The plus-end tracking of M1 was unaf- Figure 3 . Plus-end tracking by EB1 and its mutant. A, His 6 -EB1 and its K220A/R222A mutant (2A) were tested in an in vitro binding assay with GST-M1 and GST-APC(C), and each recombinant protein was used at 0.5 M. After incubation of the EB1 proteins with the GST proteins, the GST pulldowns were analyzed by means of anti-His 6 and anti-GST immunoblotting (IB). Wild-type EB1 was coprecipitated with GST-M1 and GST-APC(C), but the K220A/R222A mutant failed to do so. B, EB1 (WT) or the mutant (K220A/R222A) were transiently expressed in fusion with GFP in U2OS cells that were depleted of endogenous EB1 and EB3 by RNAi. The dynamic movement of the EB1 proteins was recorded by time-lapse microscopy from cells expressing the proteins at low levels. Time series of the boxed areas are shown below. The tip/cytoplasm intensity ratios of EB1 were determined from 80 microtubule tips of 8 transfected cells for each construct and are presented as box-and-whisker plots: boxes represent the 25th and 75th percentiles, a line within the boxes depicts the median, and whiskers represent the 10th and 90th percentiles. p Ͻ 0.005, unpaired Student's t test. Cells expressing EB1-GFP or its mutant at similar levels were chosen for quantification. C, U2OS cells transfected as in B were subjected to FRAP. Shown are representative images, and the boxed areas are enlarged with arrowheads pointing to EB1 comets. Fluorescence recovery plots are from the averaged FRAP data of 50 EB1 comets selected from 10 cells for each construct; k (1/s) and t1 ⁄2 (s) values are mean Ϯ S.D. Bars, 10 m.
fected by the expression of GFP, which was the ectopic tag of the M2 and M3 constructs (Fig. 7, A and B) . The M2 expression ablated the accumulation of M1 at the microtubule plus ends (Fig. 7, A and B) , which is consistent with the disruption of M1-EB1 interaction by the overexpressed M2. More interestingly, M3 expression significantly reduced but did not eliminate the tip-tracking behavior of M1 (Fig. 7, A and B) . Therefore, dimerization of the SXIP sequence is required for highly active tracking of microtubule plus ends.
Previous studies have shown that the expression of the amino-terminal fragments of APC that lack the EB1-binding domain affects the function of EB1 at microtubule plus ends and causes defects in kinetochore-microtubule interactions (30 -32) . Because these fragments contain the dimerization domain, our results suggested that the expressions impair the plus-end-associated functions of intact APC. We then overexpressed the dimerization domain APC(N) and checked its potential effect on chromatin structure. In comparison, the dimerization domain of CDK5RAP2 (i.e. M3) was expressed. The APC(N) expression caused the deformation of chromatin in a large population of transfected cells, whereas M3 expression did not give rise to such an effect (Fig. 8) . These results further revealed the specificity of the actions exerted by the dimerization domains.
Discussion
EBs play a central role in the assembly of protein complexes associated with microtubule plus ends. Notably, a functionally diverse group of proteins contains the SXIP motif for binding with EBs and, thus, for plus-end tracking (1, 2, 4) . To further Figure 4 . Effects of SXIP proteins on EB1 activities toward microtubules and ␣/␤-tubulin and on EB1 dimerization. A, a microtubule sedimentation assay was performed with the purified recombinant proteins of CDK5RAP2 fragments and EB1. In the assay, microtubules preassembled from 1 M ␣/␤-tubulin were incubated with the CDK5RAP2 fragments (His 6 -FLAG tagged; 0.5 M) and EB1 (His 6 tagged; 0.5 M). After sedimentation, the resulting supernatants (Sup) and pellets (Pel) were analyzed by immunoblotting (IB) as indicated. B, the binding of GST and GST-EB1 to ␣/␤-tubulin heterodimers was tested in a GST pulldown assay. ␣/␤-Tubulin heterodimers (1 M) were incubated with the GST proteins (1 M) alone and in combination with different CDK5RAP2 fragments (His 6 -FLAG tagged; 1.25 M). Buf, Buffer. The GST pulldown samples were analyzed by means of anti-␣-tubulin and anti-GST immunoblotting. ␣/␤-Tubulin heterodimers were coprecipitated with GST-EB1 in the presence of M1 or M2 but failed to coprecipitated with GST-EB1 alone or GST-EB1 plus M3. C, microtubule polymerization was conducted with ␣/␤-tubulin heterodimers (18 M) and microtubule seeds (0.1 g/l). The recombinant proteins of M1, M2, M3, and EB1 (0.5 M) were applied alone or in combinations. D, microtubules were polymerized from a mixture of rhodamine-labeled and unlabeled ␣/␤-tubulin as in C. The polymerized microtubules were examined by fluorescence microscopy. E, in a binding assay of purified recombinant proteins, His 6 -GFP-EB1 (0.09 M) was incubated with GST-EB1 (0.16 M) in the presence of wild-type His 6 -M1 (WT) or His 6 -M1(L938A/P939A) (2.5 M). After anti-GFP immunoprecipitation (IP), the immunoprecipitates (50%) and the protein inputs (2%) were analyzed by means of immunoblotting. GST-EB1 was coprecipitated with His 6 -GFP-EB1 in the presence of wild-type M1 but not in the presence of the mutant.
Plus-end tracking of CDK5RAP2-EB1
understand the plus-end tracking of EB-SXIP complexes, we dissected the plus-end-tracking module of CDK5RAP2 and analyzed the SXIP impacts on EB1 activities using in vivo and in vitro assays. The results have demonstrated that CDK5RAP2, and perhaps other SXIP-containing ϩTIPs, exerts a regulatory role on their bound EB1 for tracking of growing microtubule Figure 5 . Construction of plus-end-tracking chimeras. A, the chimeras and the single domains of CDK5RAP2 and APC were transiently expressed as FLAG-tagged proteins, and EB1-GFP was co-expressed in HEK293T cells. After anti-FLAG immunoprecipitation (IP), the immunoprecipitates and the lysate inputs were analyzed by means of immunoblotting (IB). EB1-GFP was co-immunoprecipitated with the chimeras M3-APC(C) and M2-APC(N) but not with the dimerization domains APC(N) and M3 only. Right, a schematic representation of the chimeras. B, the extracts of HEK293T cells co-expressing the GFP-tagged and the FLAG-tagged proteins as indicated were subjected to anti-GFP immunoprecipitation (IP). The immunoprecipitates and the lysate inputs were analyzed by means of anti-GFP and anti-FLAG immunoblotting (IB). M2-APC(N) was coprecipitated only with the APC(N)-containing construct, whereas M3-APC(C) was coprecipitated only with the M3-containing constructs. C and D, U2OS cells were transiently transfected with FLAG-tagged APC(C), M3-APC(C), APC(N), or M2-APC(N). The cells were stained for the ectopically expressed proteins (anti-FLAG) and microtubules (anti-␣-tubulin). Boxed areas are enlarged. Bars, 10 m. E, the immunofluorescence signals of the proteins expressed at similar levels in C and D were quantified from 50 microtubule tips in 5 transfected cells to derive the microtubule tip/cytoplasm ratios. Data are presented in the same box-and-whisker format as in Fig. 1 : boxes represent the 25th and 75th percentiles, a line within the boxes depicts the median, and whiskers represent the 10th and 90th percentiles. p values were calculated by the Student's unpaired two tails t test.
tips. Furthermore, we revealed the role of the dimerization/ multimerization of the SXIP sequences in tracking microtubule tips.
Although EB1 possesses an intrinsic plus-end-tracking activity (3), our results indicate that its activity is altered upon binding to the SXIP sequence of CDK5RAP2; that is, the plus-end tracking of EB1 is significantly augmented, and the dynamic exchange of EB1 is reduced at microtubule plus ends by the dimerization/multimerization of the bound SXIP sequence. These findings are in line with the previous observations that either the depletion of APC or the expression of an aminoterminal fragment of APC, which dimerizes with endogenous APC without binding to EB1, reduces EB1 signals at the plus ends (31) . Therefore, a highly active SXIP-EB1 complex re- N) ). The cells were stained with anti-FLAG and anti-EB1 antibodies. B, FLAG-M3-APC(C) was transiently co-expressed with GFP, GFP-APC(N), or GFP-M3 in U2OS cells. A and B, boxed areas are enlarged. Bars, 10 m. C, the intensities of anti-FLAG immunofluorescence were measured at microtubule tips as labeled by anti-EB1 staining and in the cytoplasm. In each group, 80 -100 microtubule tips were measured from 8 -10 cells that expressed the FLAG-tagged proteins and the GFP proteins at low and moderate levels, respectively. In the box-andwhisker plots, boxes represent the 25th and 75th percentiles, a line within the boxes depicts the median, and whiskers represent the 10th and 90th percentiles. The significance of differences between the indicated values was evaluated by Student's unpaired two-tailed t test.
quires the SXIP protein that contains a dimerization domain. Alternatively, an SXIP module may have high tracking activity by containing multiple SXIP sequences instead of dimerization domains within the protein. In fact, ϩTIPs are often found to contain dimerization domains and/or multiple EB1-binding regions (1, 2, 4) .
We further explored the effects of SXIP dimerization/multimerization on its bound EB1. Under the experimental conditions of our co-immunoprecipitation, we did not detect any effect of SXIP dimerization/multimerization on its EB1 binding (Fig. 1A) . However, SXIP dimerization/multimerization promoted the intermolecular self-association of its bound EB1 (Fig.  4D) . Although monomeric EB1 tracks growing microtubule plus ends, EB1 dimerization is required for its anti-catastrophe activity (16) . At physiological concentrations, most EB1 proteins exist as a homodimer or as a heterodimer with EB3, and the dimerization is regulated by binding of GTP (24, 33-36) . However, it is unclear whether EB1 forms multimeric complexes. Our results suggested that the dimerization/multimerization of the SXIP from CDK5RAP2 allows the bound EB1 proteins to form larger multimeric complexes, promoting the accumulation of EB1 and the SXIP protein at growing plus ends. Beyond this, the binding to the dimeric/multimeric SXIP sequence (i.e. M1) but not to the single SXIP sequence (i.e. M2) significantly enhanced the microtubule-elongating and bundling activities of EB1 (Fig. 7D) . Because the comet tail length of EB1 shows strong dependence on the growth rate of microtubules (3, 37) , the dimerization/multimerization of the SXIP sequence may facilitate the attachment of EB1-SXIP to growing plus ends by promoting microtubule assembly. We conclude that EB1 cooperates with its bound SXIP proteins for tracking growing microtubule tips.
EB1 or its homologs recognize the GTP structural cap of growing microtubule plus ends, and the binding is located at the interface of four adjacent ␣/␤-tubulin heterodimers in the microtubule lattice (38, 39) . Furthermore, EB1 alone does not A, FLAG-M1 was transiently co-expressed in U2OS cells with GFP, GFP-M2, or GFP-M3. The cells were stained with anti-FLAG and anti-␣-tubulin antibodies. Boxed areas are enlarged. Bar, 10 m. B, the fluorescence intensities of M1 were acquired at the microtubule distal tips and in the cytoplasm in five transfected cells that expressed FLAG-M1 and the GFP proteins at low and moderate levels, respectively. The intensity ratios (tip/cytoplasm) are presented as box-and-whisker plots in which boxes represent the 25th and 75th percentiles, a line within the boxes depicts the median, and whiskers represent the 10th and 90th percentiles. p values (Student's unpaired two-tailed t test) indicate the significance of differences between GFP and GFP-M2 or GFP-M3.
bind to ␣/␤-tubulin dimers (40, 41) . We observed that not only the microtubule-binding activity but also the ␣/␤-tubulinbinding activity was stimulated upon its binding to the SXIP motif of CDK5RAP2 (Fig. 4, A-B) . Similar observations have been reported for the association of EB1 with the CAP-Gly domain-containing cytoplasmic linker protein CLIP-170; the binding promotes the ␣/␤-tubulin binding and plus-end recruitment of EB1 (41) . Therefore, EB1 may require binding to either an SXIP protein or a CAP-Gly protein for highly active microtubule plus-end tracking. Because EB1 interacts with a multitude of ϩTIPs (42), it is conceivable that EB1 displays various tip-tracking activities by interacting with different ϩTIPs.
The present study has also shown that the dimerization domain of SXIP proteins can be used to delocalize individual SXIP proteins from microtubule plus ends. Obviously, the binding specificity of the dimerization domains is key to such applications. The dimerization domains of CDK5RAP2 (i.e. M3) and APC, i.e. APC(N), did not bind to each other (Fig. 3B) . In addition, these dimerization domains delocalized their respective tip-tracking chimeras from microtubule tips without affecting the tip attachment of the others (Fig. 4) . Therefore, we propose that the dimerization domains provide tools to investigate the plus-end-associated function of individual SXIP proteins. Indeed, the expression of the dimerization domain in APC but not that in CDK5RAP2 compromised the plus-endassociated functions of APC and caused chromatin deformation ( Fig. 8 ; Refs. [27] [28] [29] .
Chromatin deformation has been observed in U2OS cells depleted of APC as a consequence of chromosome instability (43) . In APC-defective colorectal tumors, APC mutations generate their carboxyl-terminal-truncated proteins, which are believed to induce chromosome instability and, consequently, tumorigenesis in a dominant manner (44, 45) . By dimerizing with intact APC, these truncation fragments interfere with the plus-end localization of APC as well as its bound EB1, and thus act as dominant inhibitory species. Indeed, the dimerization domain at the amino terminus is required for the observed dominant effects (31) .
Overall, an important finding of the present study is that CDK5RAP2 and perhaps other SXIP-containing proteins regulate the tip-tracking activity of their bound EB1 instead of passively hitchhiking on EB1. To form a highly active tip-tracking module, the SXIP motif requires a dimerization domain in addition to binding to EB1. Because the attachment to growing microtubule tips enables ϩTIPs to exert their actions in a wide variety of microtubule-mediated processes, including mitotic chromosome segregation, cell polarization, migration and morphogenesis, the present work raises the interesting possibility that disruption of the dimerization/multimerization of SXIP proteins serves as an approach to specifically explore the microtubule tip-associated functions of individual SXIP proteins. Moreover, the expression of an SXIP-containing sequence without any dimerization domain would block the binding of SXIP proteins to EB1, acting as a dominant-negative species nondiscriminative to all SXIP proteins. Taken together, our findings provide a better understanding on the mechanism by which EB1-SXIP protein complexes track growing microtubule tips.
Experimental procedures
Reagents
The chimeras of CDK5RAP2 and APC were generated using polymerase chain reaction-based methods. The following reagents used have been reported previously: CDK5RAP2 expression constructs and antibodies and mCherry-␣-tubulin (7, 19) . The recombinant proteins of CDK5RAP2 fragments and EB1 were prepared by bacterial expression and affinity purification (7) . A siRNA duplex was synthesized to target the 3Ј-untranslated region of eb1 (5Ј-GGAGAAAUGUAAAGACUGA-3Ј); a siRNA oligonucleotide duplex against eb3 (5Ј-ACUAUGAUG-GAAAGGAUUAC-3Ј) was used as previously reported (7, 25) . The siRNA duplex against human cdk5rap2 (5Ј-UGGAAGAU-CUCCUAACUAA-3Ј) was used as described (19) . Antibodies purchased were anti-EB1 (BD Biosciences), anti-EB3 (KT53, Thermo Scientific), anti-FLAG (monoclonal M2 and polyclonal, Sigma), anti-␣-tubulin (B-5-1-2, Sigma), anti-GST (B-14, Santa Cruz Biotechnology), anti-His 6 (H-15, Santa Cruz Biotechnology), and anti-GFP (FL, Santa Cruz Biotechnology).
Protein binding assays
To prepare for immunoprecipitation, cells were extracted in protein binding buffer (25 mM Tris-HCl, pH 7.4, 0.5% IGEPAL CA-630, 100 mM NaCl, 5 mM MgCl 2 , 5 mM NaF, 20 mM ␤-glycerophosphate, 1 mM dithiothreitol, 1 mM EDTA, and Complete Protease Inhibitor Mixture (Roche Applied Science)). The extracts were then clarified by centrifugation at 4°C in a microcentrifuge. Immunoprecipitation was performed with anti-FLAG M2-coupled beads (Sigma) or antibodies coupled to Protein A/G-agarose (Invitrogen); immunoprecipitates were examined on immunoblots.
Protein in vitro binding assays were conducted in protein binding buffer using recombinant proteins. In the ␣/␤-tubulinbinding assay, the binding buffer was supplemented with 0.1 mM GTP. After binding (1 h, 4°C) , GST fusion proteins were retrieved using GSH-Sepharose (GE Healthcare), and the pulldowns were examined by SDS-PAGE and immunoblotting.
Immunofluorescence and time-lapse microscopy
HEK293T and U2OS were cultured at 37°C in 5% CO 2 in DMEM plus 10% fetal bovine serum (Invitrogen). To perform immunofluorescence imaging, cells grown on coverslips were fixed either in methanol (10 min, Ϫ20°C) or in 4% paraformaldehyde in phosphate-buffered saline (15 min, room temperature). Fluorescence images were obtained using a Nikon microscope (Eclipse TE2000) equipped with the camera SPOT RT1200 (Diagnostic Instruments) or a Carl Zeiss microscope (Axio Observer Z1) equipped with an sCMOS camera (ORCA-FLASH4.0, Hamamatsu). In experiments using transiently transfected cells, we imaged the cells that expressed the transfected constructs at low to moderate levels. To determine the amount of proteins at microtubule distal tips relative to that in the cytoplasm, fluorescence intensities were measured from a rectangular area covering the entire tip (8 ϫ 30 pixels) and also from a cytoplasmic area of same size (7). After background subtraction, the intensity ratios of microtubule tip over cytoplasm were calculated.
Time-lapse microscopy was conducted on cells grown on 35-mm glass-bottom dishes. Images were collected on a Nikon microscope (Eclipse TE2000) equipped with an EMCCD camera (SPOT BOOST BT2100, Diagnostic Instruments) and an incubation chamber to maintain the culture conditions. TIF image stacks were exported as MOV files using the MetaMorph software. The play-back rate is 5 frames/s.
FRAP assay
Cells grown on 25-mm coverslips were imaged using a spinning disk confocal microscope (Axio Observer ZI, Carl Zeiss; Revolution XDi Laser-based Spinning Disk System, Andor). Culture conditions were maintained in a stage-top incubator (Chamlide). FRAP was performed using a FRAP bleaching device (FRAPPA, Andor), and time-lapse images were acquired at every 2 s using a Neo sCMOS camera (Andor). The image stacks were processed and exported using the FIJI package of ImageJ (46) . The fluorescence intensity of EB1 at microtubule distal tips was quantified. After normalization by the intensity in the cytoplasm, the data were used to determine fluorescence recoveries (ratios of post-and prephotobleaching intensities), and the average fluorescence recoveries at various time points were fitted into a two-phase association equation (GraphPad Prism, GraphPad Software), y ϭ y 0 ϩ Span Fast ϫ (1 Ϫ exp(Ϫ k Fast ϫ x)) ϩ Span Slow ϫ (1 Ϫ exp(Ϫk Slow ϫ x)), where Span Fast ϭ (plateau Ϫ y 0 ) ϫ Percent Fast ϫ 0.01 and Span Slow ϭ (plateau Ϫ y 0 ) ϫ (100 Ϫ Percent Fast ) ϫ 0.01. k slow (1/s) and t1 ⁄ 2 (s) were determined from the slow phase of fluorescence recovery curves.
Microtubule assays
To test microtubule binding, microtubules were preassembled at 37°C for 30 min from purified porcine-brain ␣/␤-tubulin (27) in PEM buffer (80 mM PIPES, pH 6.8, 1 mM MgCl 2 , and 1 mM EGTA) supplemented with 40 M taxol and 1 mM GTP. The binding assays were conducted with the microtubules in the taxol-containing buffer at room temperature for 30 min. After binding, the samples were centrifuged at 100,000 ϫ g for 15 min over a sucrose cushion (25% w/v) in PEM buffer; the resulting pellets and supernatants were analyzed by immunoblotting.
Microtubule polymerization was analyzed in a light-scattering assay using ␣/␤-tubulin (18 M) and 0.1 g/l microtubule seeds (7), which were prepared by shearing taxol-stabilized microtubules through a 26-gauge needle. To visualize polymerized microtubules, rhodamine-labeled (Cytoskeleton, Inc.) and unlabeled ␣/␤-tubulin were premixed at the ratio of 1:20 for polymerization (7) . Polymerized microtubules were fixed in 0.5% glutaraldehyde and then visualized by fluorescence microscopy. 
